Secondly, a battery of monospecific (or monoclonal) antibodies could in principle be capable of mapping out domains on the surface of the protein. The tendency of the antigenic sites to remain associated during catabolism of a protein would define the sites of cleavage, extensive degradation would be defined by a progressive dissociation of the antigenic sites, probably best detected by immunoblotting methodologies (Gershoni, 1985) . However, recent work has suggested that the strongest immunoreactive sites on the surface of a protein are those that have little or no secondary structure and which have a significant degree of conformational mobility (Westhof et al., 1984; Tainer et al., 1984; Williams & Moore, 1985) . A priori, it might be expected that these could be the same sites that exhibit the greatest proteolytic susceptibility and, thus, loss of epitopes may be an early rather than a late event in degradation. Additional vulnerability may derive from the possibility that epitopes on native proteins often span non-contiguous regions of the polypeptide chain (Atassi, 1984; Amit et al., 1985) . If detection methods are used to identify denatured intermediates it may be advisable to generate the panel of antibodies to an unfolded form of the molecule and to post-select those antibodies that best define individual domains and regions of the parent protein.
A third approach to the identification of degradation intermediates relies upon techniques of specific labelling where the protein is labelled in situ before monitoring of the products of catabolism. The requirements for the specific label are stringent (Butler & Beynon, 1984 , 1985 Beynon et al., 1985) and there are few biological systems that meet these criteria. Among the candidates for specific labelling are irreversible inhibitors (Jones et al., 1983 ; Crane et al., 1978) , post-translationally modified amino acids and cofactors (Chandler & Ballard, 1983) . Recently, we have proposed that the major muscle enzyme, glycogen phosphorylase, may be a good candidate for specific labelling by its cofactor, pyridoxal phosphate. The levels of glycogen phosphorylase in skeletal muscle and the virtually exclusive association of protein-bound pyridoxal phosphate with this protein suggest that it fulfils the criteria of specificity. We are aware, however, that the relative weakness of the covalent Schiff base linkage between enzyme and cofactor and the possibility of multiple late degradation products (see above) may restrict this system to the identification of early degradation products. Our recent data suggest that the rate of loss of [3H] pyridoxal phosphate label from the protein-bound (= phosphorylase) pool in vivo parallels that for the degradation of the enzyme. This implies that the cofactor does not exchange with the intracellular free pool of cofactor and attests to its suitability as a turnover label. Interestingly, and in contrast to many other pyridoxal phosphate-dependent enzymes, it is not possible to detect apo-phosphorylase in fresh homogenates of skeletal muscle, even after administration of a vitamin B,-deficient diet. Of the two simplest explanations that can be invoked to explain this observation, the first, that apo-phosphorylase is so unstable in vivo as to be degraded extremely rapidly, is not borne out be observations on the proteolytic susceptibility of apo-and holophosphorylases in vitro (Carney et al., 1978) . The second possibility, that the association between the enzyme and cofactor is extremely strong, is supported by observations that resolution of the holoenzyme requires denaturing solvents. We are presently investigating the suitability of pyridoxal phosphate-labelled phosphorylase to identify degradation intermediates that are elicited in normal and pathological conditions. Such studies will help to define restrictions on the routes of degradation of this enzyme and provide an opportunity to test some of the ideas outlined here.
Hepatocy tic protein balance
Rat hepatocytes are particularly suitable for the study of autophagy and protein degradation. Isolated, intact cells can be prepared in high yield from rat liver by the method Abbreviation used: 3MA, 3-methyladenine.
Vol. 13 of collagenase perfusion (Seglen, 1976) , and such cells preserve the characteristic high protein-degrading capacity of the liver as well as its sensitivity towards a variety of biological and pharmacological agents (Seglen et al., 198 1) .
Isolated hepatocytes can be maintained in culture in a defined (serum-free) medium for several weeks, and by the use of sufficiently high amino acid concentrations protein degradation and protein synthesis can be kept in balance so that no net loss of cellular protein occurs (Seglen et al., 1980; Schwarze et al., 1982) . Under amino acid-free conditions, on the other hand, the rate of protein degradation may increase as much as threefold (to about 4%/h), resulting in a gradual loss of cell protein and eventually (1-2 days) cell death (Schwarze & Seglen, 1985) . For experiments of a few hours' duration, however, incubation of hepatocytes in an amino acid-free medium offers an excellent experimental system where protein degradation proceeds at the maximal physiological rate. A representative measure of overall degradation (predominantly longlived protein) can be obtained by measuring the release of the non-metabolizable amino acid ['*C] valine from protein labelled for 2 4 h in vivo (i.e. before cell isolation); in addition, interesting information may be revealed by studying protein subclasses such as the predominantly short-lived protein labelled by a 1 h pulse of ['*C]valine in vitro (Seglen et al., 1979) .
Lysosomal and non-lysosomal pathways: effects of inhib itors
Much of our knowledge about intracellular protein degradation mechanisms comes from the use of inhibitors. The first step in the autophagic-lysosomal degradation pathway, sequestration, can be specifically inhibited by 3-methyladenine (3MA) ; the second step, autophagosome-lysosome fusion by vinblastine (Kovacs et al., 1982) , and the final step, degradation, by protease inhibitors or acidotrophic (lysosomotropic) amines (Seglen, 1983) . As shown in Table  1 , inhibitors of each class inhibit overall (long-lived) protein degradation to a similar extent (65-70%), indicating that each step can be made rate-limiting.
Amines, which inhibit lysosomal function by raising the intralysosomal pH, are particularly useful in defining the extent of lysosomal contribution to overall endogenous protein degradation, and they have been instrumental in defining lysosomal and non-lysosomal degradation as different, major pathways (Ballard, 1977) . (It should be noted that application of the amine inhibition criterion requires careful evaluation both of dose-response curves and of high-dosage toxicity, and it is not necessarily valid for individual exogenous proteins ingested by endocytosis.) Other inhibitors are generally not additive to the maximum effects of the amines (Seglen e f al., 1979, 1981) , supporting the notion of the remaining amine-resistant degradation as being distinctly non-lysosomal.
The ability of the various inhibitors in Table 1 to inhibit degradation of long-lived protein to a similar extent may suggest that a single autophagic mechanism is responsible for virtually all of the lysosomal degradation (70% of total) of this protein class. When the degradation of predominantly short-lived protein is measured, however, the lysosomal (propylamine-sensitive) degradation (45-50% of total) is incompletely suppressed by the sequestration inhibitors, 3MA and amino acids (P < 0.01 and P < 0.001, respectively), indicating that a non-sequestrational lysosomal mechanism (such as, e.g., crinophagy, i.e. the lysosomal degradation of protein entering by fusion with secretory vesicles) may be involved in the degradation of this protein subclass (Seglen & Gordon, 1984) .
Autophagy: ultrastructural aspects
Our knowledge of the first step in the autophagic process, i.e. the sequestration of cytoplasm by an intracellular membrane to form a closed vesicle, an autophagosome, has so far only been derived from ultrastructural studies. While the autophagosome can be recognized as a well-defined organelle, devoid of lysosomal enzymes and bounded by a morphologically characteristic membrane, there is no general agreement as to the origin and nature of this membrane, nor is anything known about the fusion process by which lysosomal enzymes gain access to the contents of the autophagosome (Holtzman, 1976) .
Examination of a large number of electron micrographs of isolated hepatocytes incubated under various conditions has given us the following impression. Autophagic sequestration seems to be initiated by distinct organelles, provisionally called phagophores, which can be found scattered around the cytoplasm or in association with the lysosomal membrane. Phagophores are osmiophilic structures which can have a condensed or an extended (sheet-like) appearance, depending on how far sequestration has progressed. An autophagosome can be considered as a region of cytoplasm completely enveloped by a phagophore, i.e. the latter constitutes the autophagosome membrane (actually a thick, osmiophilic sheet which is frequently split up to give a flaky-pastry-like appearance in electron micrographs). Autophagosomes are often seen to bulge into the lysosomes with a knob-like protrusion; this may indicate that the phagophore is able to traverse the lysosomal membrane, carrying its sequestered content along (hence its proposed name). After delivery of sequestered material, the phagophore may slip out, again traversing the lysosomal membrane as suggested by some pictures, and be ready for a new round of autophagic sequestration.
We would like to stress that, given the limitations of electron microscopy with regard to factual information (albeit not to imagination), the phagophore concept should, for the time being, only be regarded as a working hypothesis which needs substantiation by experimental methods.
Measurement of autophagic sequestration
Autophagic sequestration can, in principle, be measured as the transfer of an inert, membrane-impermeant probe from cytosol to membrane-bounded vesicles. The major obstacle is to get the probe across a plasma membrane, which is normally impermeable to it, into the cytosol, a problem which can be overcome by various methods (Stacey & Allfrey, 1977; Dean, 1977; Hendil, 1981; Okada & Rechsteiner, 1982 (which is hydrolysed intralysosomally) into isolated rat hepatocytes made transiently permeable by electropermeabilization Seglen & Gordon, 1984) . By subjecting the cells to a brief series of high-voltage discharges, small cell-surface lesions (visible as blebs) are induced in a controlled and limited manner. The (probably stretched) membrane of these blebs is hyperpermeable, and will allow the influx of certain small molecules like ["C] sucrose. The lesions are rapidly repaired at 37"C, and normal membrane impermeability thus restored. It is of interest that similar blebs are commonly seen on freshly isolated hepatocytes (Seglen, 1976) After completion of the experimental incubation period, during which sequestration of ['*C] sucrose takes place, the cells are broken up by electrodisruption (a single electrical discharge in a non-ionic medium). This is a method which circumvents homogenization, and allows the processing of a large number of samples in which sedimentable vesicles (residing in cell corpses, i.e. cells with a disrupted plasma membrane but with an intact cytoskeleton) are separated from the cytosol b centrifugation through a metrizamide/ sucrose cushion.
[ C] Sucrose sequestered in intracellular vesicles can thus be measured with accuracy in the cell corpse pellet.
Subcellular fractionation and characterization of a mitochondrial sugar uptake process
Isolated hepatocytes sequester ["C] sucrose at a high rate, but the overall sequestration was found to be somewhat less sensitive to autophagy inhibitors (3MA and amino acids) than expected (Seglen & Gordon, 1984) . Subcellular fractionation of cell corpse homogenates on metrizamide/sucrose density gradients revealed a sucrose Hepatocytes in suspension were allowed ,to sequester electroinjected [14C]sucrose for 2.5h at 37 C; the cells were then electrodisrupted and cytosol-free cell corpse homogenates were prepared. The homogenates were centrifuged t o equilibrium on isotonic metrizamide (0-40%)/sucrose density gradients, and the fractions were analysed for sequestered radioactivity (a), acid phosphatase ( 0 ) serving as a lysosomal marker, and total protein (A) as a crude mitochondrial marker. complexity which could account for these results.
[I4C] -Sucrose was found to accumulate not only in lysosomes, as expected, but also (about 1/3 of total) in mitochondria (Fig. 1) . The mitochondrial location was verified by measuring mitochondrial marker enzymes, by altering the density and gradient position of mitochondria as well as of lysosomes (Tolleshaug et al., 1984) , and by purifying the mitochondria. The mitochondrial sugar uptake is temperature-sensitive and energy-dependent, but its biological function (if any) is not known. The uptake is limited to molecules of low Mr (the trisaccharide raffinose is not taken up) and is therefore unlikely to bear any relationship to the degradation of protein or other macromolecules.
Selective digitonin extraction of autophagically sequestered [ ' 4~/ sucrose Since it would be desirable to measure autophagic sequestration undisturbed by mitochondrial u take, we attempted to extract the non-mitochondria1 [' C] sucrose by means of digitonin, a detergent which (at suitable concentrations) disrupts lysosomes while leaving mitochondria intact (Zuurendonk & Tager, 1974) . When intact cells or cell corpses were briefly treated with digitonin (at O°C) before homogenization, radioactivity indeed disappeared from the lysosomal gradient peak but not from the mitochondrial peak.
By including digitonin treatment and resedimentation of cell corpses in the routine procedure, autophagic sequestration (digitonin-extractable radioactivity) and mitochondrial uptake of ["C] sucrose (digitonin-resistant, i.e. sedimentable radioactivity) can be measured separately in the same assay (Fig. 2) . An autophagy inhibitor such as 3MA can now be seen to inhibit autophagic sequestration virtually completely (Fig. 2b) , whereas the mitochondrial uptake is unaffected (Fig. 2c) . The fact that no ['4C]sucrose accumulates in lysosomes in the presence of 3MA (the small amount observed can be accounted for by leakage from mitochondria) suggests that the autophagic pathway is completely suppressed, and that 3MA-resistant protein degradation (Table 1 ) must be carried out by nonautophagic mechanisms.
The availability of a specific assay for autophagic sequestration has now made it possible to study this process Hepatocytes were electroinjected with [ I4C] sucrose, and after a 3OOmin resealing period the time course of sequestration at 37 C (30 min background substracted) was followed in cells incubated without any additions (0) or with 10 mM-3MA ( 0 ) . The total amount of radioactivity in cell corpses ( a ) as well as a digitonin (0.3mg/ml) extract ( b ) and in the remaining digitonin sediment ( c ) was measured. in detail, demonstrating, for example, its energy-dependence and strong temperature-sensitivity.
Autophagosome-lysosome fision measured by means o f electroinjected [ '"C] lactose
While ['"C] sucrose is an inert sequestration probe which eventually accumulates in lysosomes, ['"c] lactose is hydrolysed immediately upon entry into the lysosome, by the lysosomal enzyme 0-galactosidase. Autophagically sequestered ["C] lactose therefore rapidly equilibrates at a low steady-state level, probably corresponding to radioactivity in autophagosomes. At a constant sequestration rate, this steady-state level will be inversely proportional to the rate of autophagosome-lysosome fusion, and can therefore be used, for example, to test the effect of inhibitors on the latter process. Vinblastine, a strong inhibitor of autophagic-lysosomal degradation (Table l) , had little effect on sequestration (of ['"C] sucrose), but dramatically enhanced the accumulation of ['4C]lactose, consistent with its proposed mechanism of action as an inhibitor of autophagosome-lysosome fusion (Kovacs et al., 1982) . Similar studies with individual amino acids suggested that several of them might act as fusion inhibitors, in particular asparagine.
Using ['"C] sucrose and ['*C] lactose as probes of autophagic sequestration and fusion, respectively, it should now be possible to investigate these hitherto experimentally inaccessible processes in some detail.
